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Abstract As a flexible power source, energy storage has
many potential applications in renewable energy genera-
tion grid integration, power transmission and distribution,
distributed generation, micro grid and ancillary services
such as frequency regulation, etc. In this paper, the latest
energy storage technology profile is analyzed and sum-
marized, in terms of technology maturity, efficiency, scale,
lifespan, cost and applications, taking into consideration
their impact on the whole power system, including gener-
ation, transmission, distribution and utilization. The
application scenarios of energy storage technologies are
reviewed and investigated, and global and Chinese poten-
tial markets for energy storage applications are described.
The challenges of large-scale energy storage application in
power systems are presented from the aspect of technical
and economic considerations. Meanwhile the development
prospect of global energy storage market is forecasted, and
application prospect of energy storage is analyzed.
Keywords Renewable energy, Energy storage technology,
Energy storage application, Power system
1 Introduction
In order to establish a sustainable energy system and
overcome energy and environmental crisis caused by the
utilization of fossil fuels, a new energy revolution is taking
shape in that with electricity as the central form of energy.
It is characterized with the development and utilization of
large-scale renewable energy. With the development of
smart grid, supported by investment and government
policies, the prospect of energy storage application are
gradually emerging [1–5]. Its potential applications could
be found in the entire spectrum of power systems such as
generation, transmission, distribution and utilization. These
applications include increasing penetration level of large-
scale renewable energy, improving power grid’s efficiency,
postponing and reducing construction cost of generation
and power systems, improving power quality and energy
efficiency, ensuring a high-quality, safe, realizable power
supply, promoting the optimization of grid planning,
scheduling management and operation control [6–10].
The development and commercialization of energy
storage technology will have a significant impact on power
system in terms of future system model [11]. In recent
years, both engineering and academic research have grown
at a rapid pace, which lead to many achievements. Due to
rapid development of energy storage technology, the
research and demonstration of energy storage are expand-
ing from small-scale towards large-scale. United States,
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Japan, the European Union have proposed a series of
policies for applications of energy storage technology to
promote and support industrial development [12–16].
Chinese government is also paying attention to the devel-
opment of energy storage technology, from strategic
planning to demonstration projects, and the related policies
associated with energy storage application value and
potential markets are shown on the aspects of China’s
energy, electric power, science research, transportation,
environmental protection and so forth.
So far main energy storage technologies have reached
commercial or demonstration level all over the world, the
developed technologies include pumped storage, com-
pressed air, flywheel, lead acid batteries, lithium ion bat-
teries, sodium sulfur batteries, flow battery, super
capacitors and superconducting magnetic energy storage,
etc. [17–24]. Furthermore, with fast development of
material science, researches on new energy storage tech-
nologies such as graphen based energy storage technolo-
gies, are also carried out. References [25–27] presented the
overviews of energy storage technologies for electric
power applications. In terms of scale up application in
energy storage at present, hundreds of MW level energy
storage demonstration projects have been built worldwide
[28–32]. The demonstration projects cover renewable
energy grid integration, distributed generation, microgrid,
transmission, distribution and frequency regulation. In the
future, after gaining clearer understanding of the role and
impact of energy storage technologies on the energy sys-
tem, their application field and technology roadmap are
expected to be the focus globally.
In this paper, the energy storage technology profiles,
application scenarios, implementation status, challenges
and development prospects are reviewed and analyzed,
which provides a useful reference to the future energy
storage technology development in terms of electricity
market, investment decision and policy formulation.
2 Current status of energy storage technology
development
According to the way of energy stored, the energy
storage technology can be classified into five major cate-
gories, i.e. mechanical energy storage, heat-energy storage,
electrochemical energy storage, magnetic energy storage
and chemical energy storage [33].
1) Mechanical energy storage
The mechanical energy storage technologies mainly
include the pumped storage, compressed-air energy storage
and flywheel energy storage. The pumped storage is the
most mature technology, which is characterized with
having large capacity, long service lifespan and low unit
cost. However, the construction of the pumped storage
power station is restricted by geographical conditions, the
construction period is longer, and the overall investment is
large. The compressed-air energy storage has the advan-
tages of large capacity, long operation time, long service
lifespan, etc. And also it is capable of supplying combined
heat, cold, and electricity by converting the compressed-air
into other alternative energy. However its efficiency is low,
the system is complex, and the location requirement for the
air storage mine tunnel is high [34, 35]. The flywheel
energy storage has the advantages of high efficiency, fast
response, long service lifespan, less demands on operation
and maintenance, good stability, short construction period,
small footprint and no pollution, but the energy density is
low, easy to be self-discharge which is only suitable for
short time applications [36, 37]. The comparative analysis
of various types of mechanical energy storage technologies
is shown in Table 1.
2) Heat storage
Heat storage technologies are categorized into sensible
heat storage and latent heat storage. The sensible heat
storage can achieve the purpose of heat storage by
increasing the temperature of the heat storage material,
generally uses the water as the heat storage medium. The
latent heat storage uses the regenerative material achieving
phase change heat storage, which is implemented on the
solar thermal power generation. The heat storage system in
the photothermal system can provide the heat energy nee-
ded or generate electricity when the solar radiation is
insufficient in rainy days for example. Therefore the output
of electricity from heat storage system can be adjusted
according to the grid operation requirement [38, 39]. The
energy storage efficiency of the thermal storage system can
reach 95%–97% [40], and the cost is only about 1/30 of the
large-scale battery storage. Molten salt storage technology
is currently a research hotspot which is applied to the
concentrated solar thermal power plant. It has the advan-
tages of low cost, high heat capacity and safety, etc. It has
been commercialized in developed countries such as Spain,
Italy and other parts of Europe and North America. How-
ever the problems in its practical application are still very
prominent, in which corrosive characteristic is one of its
shortcomings. In addition the molten salt solidification
temperature is high, and easy to cause equipment scrapped.
3) Electrochemical energy storage
Electrochemical energy storage technologies include
lead-acid battery, lithium-ion battery, sodium-sulfur bat-
tery, redox flow battery. Traditional lead-acid battery
technology is well-developed and has the advantages of
low cost and easy maintenance. But because available
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capacity decreases under deep, fast and high power dis-
charge, there are shortcomings such as low energy density,
lower life expectancy, environmental pollution, etc
[41, 42]. In recent years, Japan, United States and other
countries are committed to develop more advanced lead-
acid battery, and there have developed several types of
batteries including lead-carbon battery, super battery and
so on.
Currently, the lithium ion batteries have many applica-
tions in power industry, including lithium iron phosphate
battery, lithium titanate battery and nickel-cobalt-man-
ganese lithium battery. Lithium iron phosphate has
advantages of better stability, security and longer cycle life.
Although the cost of lithium titanate battery is relative
high, it has high security, long life cycle, good charge/
discharge characteristics, which may became future
development direction of lithium ion battery. Nickel-
cobalt-manganese lithium batteries has relative high energy
and power density, but high price and limited the cobalt
resources constrains large-scale manufacture of nickel-
cobalt-manganese lithium battery.
Redox flow battery mainly includes vanadium redox
flow battery, zinc bromine flow battery. The vanadium
redox flow battery has long lifespan and high life cycle, but
has disadvantages of low energy and power density, slow
response. Zinc bromine flow battery has advantage of high
energy density, low cost and frequent deep discharge, but it
also has the problem of high self-discharge rate caused by
electrode reaction producing complex.
Sodium sulfur battery has advantages of high energy
density, good power characteristics, and long cycle life and
so on. It has become well-developed MW level electro-
chemical energy storage technology, and has realized
commercial operation. However, it uses the flammable
metal sodium material, and operates in high temperature
(300–350C) conditions, which poses an issue of safety
risk. The comparative analysis of various types of elec-
trochemical energy storage technologies is shown in
Table 2.
4) Electromagnetic energy storage
The electromagnetic energy storage mainly contains
super capacitor and superconducting magnetic energy
storage. Super capacitor has advantages of high power
density, fast response, high efficiency, long cycle life, low
maintenance, wide operational temperature range and so
on. However, due to the low energy density, super capac-
itor is suitable for application in combination with other
energy storage technologies [43, 44]. The charging/dis-
charging rate of superconducting magnetic energy storage
is critical, and it has advantages of high power density, fast
response, high energy conversion efficiency, long service
lifespan, etc. It is suitable for high power requirement. But
there are many disadvantages such as high cost, low energy
density and complex maintenance [45]. The comparative
analysis of electromagnetic energy storage technology is
shown in Table 3.
5) Chemical energy storage
Chemical energy storage is considered as a secondary
energy carrier using hydrogen or synthetic gas, of which
hydrogen is electrolyzed, and it can also be synthetized into
natural gas (i.e. methane) with carbon dioxide. This green
technology without any pollution could lead to formation
of large-scale energy storage which can store more than
100 GWh energy. However it has problems of low energy
conversion efficiency which is only 40%–50%, high cost,
large investment and low security [46]. At present,
hydrogen energy storage technology has also been
demonstrated in many countries [46]. Fuel cell is the main
way of hydrogen utilization. Proton Exchange Membrane
(PEM) fuel cell is widely used in electric power, thermal
power, transportation and other industries, performs as the
backup power source and improves the utilization of
renewable energy generation. Currently the main aim for
its application is to improve its cost, efficiency and lifes-
pan, leading to a prospect of better renewable energy uti-
lization and large-scale hydrogen as the fundamental
energy system.







(year) Cost (¥/kW) Application
Pump storage Commercial 70-80 1000 40-50 3500-4000 Peak load regulation, frequency regulation, phase shift, reverse, black start
Air-compressed
Conventional Commercial 48-52 5-300 30-50 6500-7000 Peak load regulation, reverse,
grid-connected renewable energySupercritical Demonstration 52-65 1.5-100 30-50 6500-7000
Flywheel energy
storage Commercial >95 0-20 20 1700-2000
Frequency regulation auxiliary service,
power quality, enterprise UPS
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3 Application scenarios of energy storages
in power systems
The energy storage technology is a breakthrough to
electrical ‘‘generation’’ and ‘‘use up’’ simultaneously which
is the feature of conventional electrical energy technology,
and it is adequate for various application fields, including
renewable energy grid integration, power transmission and
distribution, distributed generation, microgrid and fre-
quency regulation, etc [28, 32, 47–49]. As a flexible power
source, energy storage can be widely implemented and
applied in power generation, transmission, distribution and
utilization. The application scenario of energy storage can
be divided into five types described below.
3.1 Renewable energy generation
Due to the fluctuating and intermittent characteristics of
wind and solar power generation, the problems associated
with integrating renewable energy and managing power
system stability are becoming more and more prominent.
Meanwhile, the severe impacts caused by large power
system incidents highlight the urgent demand for high-ef-
ficiency, large-scale energy storage technology. Therefore,
through the application of energy storage, redundant wind
and solar power can be stored and power grid is in turn to
be able to provide more stable power output, which pro-
vides fast support to the active power, enhances the capa-
bility of grid frequency regulation, and leads to large-scale
wind and solar generation connecting to grid both
stable and reliable. Therefore, energy storage technology
has become one of central tools for integrating renewable
energy generation with power grid.
3.2 Transmission and distribution
With vigorous development of wind and solar power
generation, it is difficult to realize complete absorption of
renewable energy because of insufficient flexible resources
and transmission corridor. Meanwhile, with the increase of
wind and solar power penetration in power system, the
intermittency and fluctuation will inevitably cause a
volatility, high uncertainty and complexity in renewable
energy generation, and will require more flexible resources
for frequency regulation, load tracking and base-load
supply. Moreover, renewable energy generation does not
have the capability of stabilizing the power system dis-
turbance. The integration of renewable energy generation
will definitely affect the reliability and operational stability
of power system. The application of energy storage tech-
nology in power system can postpone the upgrade of
transmission and distribution systems, relieve the trans-
mission line congestion, and solve the issues of power
system security, stability and reliability.
3.3 Distributed generation and microgrid
To maintain stable voltage and frequency of microgrid
in different operational modes, microgrid has adopted with
reasonable distributed generations and energy storage
configuration in order to realize the transformation in dif-
ferent operational modes. During entry and exit of














battery Commercial 70-85 0-20 5 500-1000
Transportation, communication,
national defense, aviation, etc






Commercial 90-95 0-32 8 3200-5800 All aspects of generation,
transmission, distribution and use,
including stabilizing renewable
energy output, frequency regulation














flow battery Demonstration 75-85 0.03-10 15 17500-19500
Peak load regulationǃlarge-scale
grid-connected renewable energy,
UPS, emergency power supply, etc
Zinc bromine
flow battery Demonstration 75-80 0.05-2 10 12500-15000 The user side
Sodium sulfur
battery Commercial 87 0-50 15 13200-13800
Load regulation, peak load shifting,
large-scale grid-connected renewable
energy, power quality, etc
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distributed generations, the power is out of balance in a
short time, the energy storage facility can be applied to
realize fast charging/discharging control, and active power
is able to be controlled smoothly and instantaneously to
guarantee the voltage stability of significant load. In
addition, the output power of both wind and solar power
generations in microgrid is significant uncertainty, loads
also change randomly. With the application of energy
storage, the system dynamic balance can be maintained
through adjusting the energy storage.
3.4 End user
1) Large-user
Centralized large-user has large load demand. In order to
reduce electricity costs, the energy can be stored in the valley
period and used for production and operation in the peak
period, which can reduce the investment of power supply
equipment and improve energy utilization efficiency.
2) Household-user
The energy storage technology can be applied as
emergency power management system of household-users.
It can adjust output power in coordination with solar gen-
eration while the electricity price is relatively high or load
demand reaches to peak, so as to guarantee emergency
power supply and reduce the load demand at peak period,
and provide full energy for the family life. Household solar
power storage systems have been realized and promoted in
European and American countries.
3) Vehicle to Grid, V2G
The electric vehicle is able to be used as the energy
storage unit connecting with power system. In this case the
vehicle becomes a standby power source. Based on the
interaction of electric vehicles and power system, it can
realize the functions of peak-shift and frequency
regulation.
3.5 Ancillary services
In order to fully develop and apply the energy storage
technology, it is necessary to explore the application
prospects of ancillary service market for energy storage.
The ancillary services include peak-shifting, frequency
regulation, fast start reserve, power quality and black start,
etc. The energy storage can be used for rapidly frequency
regulation services, and it has shown the application
potential in this field.
4 Energy storage application status
4.1 Global energy storage application status
By the end of 2015, The applications of energy storage
technology are distributed in all aspects of power systems
[28, 32]. Figures 1 and 2 illustrate cumulative installed
energy storage distribution according to applications and
types, respectively. In the field of global energy storage
demonstration projects, the energy storage is most widely
applied for the grid-connected renewable energy projects,
and the cumulative installed capacity accounted for 43%. In
recent years, this proportion is showing gradual reduction.
The application of sodium sulfur battery is the most widely
applied technology, and the installed capacity accounts for
58%. The installed capacity of sodium sulfur battery has
reached 338.9 MWworldwide, accounted for 36%, which is
only next to lithium ion battery. The core technology of
sodium sulfur battery has been mastered by NGK. The
domestic research in sodium sulfur battery is carried out very
early. However the progress is relatively slow.
In recent years, cumulative installed capacity of energy
storage with the fastest growth is in the area of frequency
regulation service, where the energy storage accounts for
up to 23%. The United States has the largest installed
capacity, frequency regulation market and commercial
projects. The lithium ion battery and flywheel energy
storage are the most widely implemented technologies, the
proportion of total installed capacity has reached up to
78%, and the lithium enterprises such as BYD, A123
System, LG Chem have deployed the most applications in
this respect.
The energy storage system has been seen less applications
in power transmission and distribution than the areas men-
tioned above. However it is still an important area of energy
storage application. Especially in some countries or regions,










Super capacitor Demonstration [90 0–10 MW 15 400–500 Distributed generation and
microgrid
Superconducting energy storage Demonstration [95 10–100 MJ 30 6500–7000 Power quality, system stability,
low frequency oscillation
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along with vigorous development of renewable energy, and
also for weak power system and aging electric facilities,
energy storage is paid more and more attention. Sodium
sulfur battery and lithium ion battery energy storage tech-
nologies are most widely used in this field, the proportion of
cumulative installed capacity accounted for 81%.
The energy storage applications in distributed genera-
tion and microgrid fields have the smallest proportion,
account for 13%. The lithium-ion battery and lead acid
battery are the main energy storage technologies in this
application, where the total installed capacity accounts for
up to 77%. The relative projects are demonstrated in the
fields of island, industrial/commercial, household/commu-
nity, rural region and solar power-storage power charging
station for electric vehicle, etc, where the industrial and
commercial energy storage applications have the largest
proportion.
4.2 Energy storage application in China
By the end of 2015, the cumulative installed energy
storage capacity in China is 105.5MW, which is about 11%
of global installed energy storage [28, 32, 50]. Figures 3
and 4 illustrate the installed capacity distribution based on
application and storage type, respectively. In terms of
application, the installed capacity of energy storage in
China is different from other countries, and energy storage
applications in distributed generation and microgrid field
account for 56%. Among them, lithium ion batteries and
lead acid batteries are two of the most widely used tech-
nologies, and reach up to 89% in total. Energy storage
projects are mainly implemented in island and remote
areas, business areas and electric vehicles.
The installed capacity in grid-connected renewable
energy field accounts for 35%, next to the applications in
distributed generation and microgrid. Most of them are
lithium ion battery and redox flow battery energy storage,
and the total installed capacity weights up to 94%. The
other type is the redox flow battery, and its installed
capacity reaches 13MW. Energy storage demonstration
projects such as National wind-solar-storage-transmission
project, Meiyaoshan wind farm project and Woniushi wind
farm project are representative. The application of Lithium
ion battery has the largest proportion in the scenarios of
grid-connected renewable energy, distributed generation
and microgrid. The proportion is about 87% of the entire
lithium-ion battery energy storage project.
There are only few domestic energy storage projects in
power transmission and distribution, in which lithium ion
batteries are used, such as the application at Baoqing power
station, Meizhou island energy storage power station.
Currently, domestic applications are relatively few in this
field, and it is expected that the govenment will develop
more energy storage projects in the power distribution
system in the future.
At present, very few projects are installed and operated for
frequency regulation service and account for 1% of installed
capacity, and it has entirely employed the lithium-ion bat-
tery. Only two projects are successfully put into operation by
Ray Power Company in the power grid of North China, and
both of them participate in frequency regulation service in
combination with thermal power plant.
5 Challenges and prospects of energy storage
technologies
5.1 Challenges of energy storage application
The energy storage technology has promising applica-
tion prospect in renewable energy generation grid inte-
gration, distributed generation, microgrid, transmission and
distribution, smart grid and ancillary services. In [51], the
2050 development scenario in China is simulated, which
shows that the energy storage demand will be between 560
and 780 GW. Meanwhile the electricity demand will attain
between 2 and 3 billion kWh without considering grid
constraints among regions in China. However, the large
scale application of energy storage technology still faces
challenges both in the technical and economic aspects.
5.1.1 Technology challenges
First of all, the development of energy storage tech-
nology requires the innovation and breakthrough in
capacity, long-lifespan, low-cost, high-security for elec-
trochemical energy storage. And also, physical storage
technology with high-efficiency, low-cost is required.
Secondly, the research should be focused on the energy
storage simulation and operation optimization in multiple
applications, which can support the application of energy
storage technology from theoretical viewpoint, and develop
demonstration projects and comprehensive evaluation to
promote the industrialization and commercialization of
energy storage. At the same time it is necessary to establish
a complete and rigorous professional cohesion, reasonable
classification, transparency, openness and energy storage
standards, which will provide strong support for research
and development, production and application of energy
storage, and promote the development of energy storage
technology and related industries.
5.1.2 Economic challenges
Currently, energy storage industry in China is still fac-
ing with challenges of lack of policy support, high cost,
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unclear application value, unhealthy market mechanism
and other issues. Two aspects should be considered in the
future: on the one hand, it is necessary to propose energy
storage system solutions with the participations from
electricity users, electrical enterprises, researcher, eco-
nomical organizations and social originations, and on the
other hand, the suitable industry market mechanism and the
subsidy policy should be promoted. We should encourage
numerous researches and applications of energy storage,
establish a sustainable development model and achieve
commercial operation of energy storage.
5.2 Prospects of energy storage technology
development
VLPGO (twelve of the largest power grid operators) has
launched an investigation into renewable energy develop-
ment and energy storage planning in different countries.
The United States, Japan, Spain, China and other countries
have taken the wind, solar and other non-fossil fuels energy
into consideration in the long-term energy planning. With
the trends of rapid power system expansion and large-scale
renewable energy development, each country has under-
taken the grid planning for next 10–20 years taking into
consideration the energy storage, and various types of
energy storage technologies are evaluated and many
demonstrations have been planned or built, which can
vigorously promote the development and application of
energy storage technology in the smart grid. According to
the investigation results, energy storage is deployed as fast
response product for frequency regulation service in many
counties, and most power system companies are willing to
purchase this service.
Electric Power Research Institute (EPRI) has classified
and outlined fourteen categories for energy storage tech-
nology applications in power systems [52]. Energy storage
has significant impacts on large-scale renewable energy
grid integration, load shifting, postponing power grid
constructions and improving power system security. These
will also create a great opportunity for energy storage
development at the same time. Based on the Woori con-
jecture [53], the value of global energy storage will
increase by 26% annually in the future, the market value of
global energy storage will be up to $16 billion in 2020.
Even if the energy storage has many prospective markets,
high cost, insufficient subsidy policy, indeterminate price
mechanism and business model are still the key
challenges.
From the application point of view, with the promotion
of China’s government, the development of energy internet
will promote wide application of energy storage, and will
be with rapid growth in installed capacity. Within the
background of continuous promotion and application of
electric vehicle, it will play a greater role in the energy
internet architecture as it can be considered as mobile
modular unit for energy storage. Although Chinese energy
storage industry is still faced with problems such as lack of
policy support, unclear technical specification, small scale,
high cost, low value and unhealthy mechanism, etc, the
rapid application development of future energy storage
industry is a foregone conclusion due to its capability in
increasing renewable energy penetration level and
improving electric energy efficiency.
6 Conclusion
In this paper, the technology profile of global energy
storage is analyzed and summarized, focusing on the
application of energy storage technology. Application sce-
narios of energy storage technologies are reviewed, taking
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Fig. 2 Cumulative installation distribution of different types of
energy storage on various applications globally
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transmission, distribution and utilization. The general status
in different applications is outlined and summarized. Ulti-
mately, the challenges of scale-up application in energy
storage and development prospect of future energy storage
technology are expressed. The result indicates that, the
energy storage has been widely applied in power systems
connected with renewable energy generation. It also shows
clear commercial benefit and prospect in the fields of peak
shaving and frequency regulation of power systems, etc. The
energy storage application in distributed generation and
microgrid also keeps increasing, and it has shown great
progress in the field of power transmission and distribution.
The energy storage technology will play an important role in
every stage, ensuring a safe, stable, economical operation of
power systems, and it has broad application prospect. The
development and expansion of energy storage technology
not only depend on the improvement in storage character-
istics, operational control and management strategy, but also
requires the cost reduction and the supports from long-term,
positive stable market and policy to guide and support the
healthy development of energy storage industry.
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